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THE PROBLEM

Make theoretical and experimental investigations to
determine optimum techniques for generation, transmission,
and reception of underwater acoustic signals. Specifically,
develop a signal time compressor with a highly flexible
input sampling rate and incorporate it into a correlation
sonar system.

RESULTS

A magnetic core matrix time compressor has been
developed and incorporated into a pseudorandom-signal-
correlation sonar system. This magnetic core matrix
time compressor can have any sampling rate of up to 400
bits per second and has a storage capacity of 2048 bits.

Special timing pulses were provided in the core
matrix to permit Doppler correction by adding or sub-
tracting bits of information at appropriately spaced inter-
vals to expand or contract the reference waveform of the
reference signal in time.

RECOMMENDATION

Apply the magnetic core matrix time compressor to
correlation systems and spectrum analyzers for research
signal processing, particularly in investigating low and
very-low frequency acoustic, oceanographic, and seismic
phenomena.
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INTRODUCTION

Echo-ranging systems employing correlation techniques
require an artificial delay in the comparison signal to match
the travel time of the received signal. In wide-band sys-
tems, artificial time delay can only be varied very slowly
to maintain an adequate averaging time when passing
through the region of signal match; thus long periods of
time are required to search relatively smll range inter-
vals. To shorten search time, the system must use some
form of multi-channel or compressed time signal process-
ing.

This report covers the basic concept, operation, and
instrumentation of a Magnetic Core Matrix Time Compres-
sor (MACOMATIC) and its incorporation into a pseudo-
random - signal- correlation sonar system. MACOMATIC
belongs to the family of Scanned Storage Time Compressor
(SCASTIC) systems that achieve time compression by a
high-speed scan of signal storage elements, in contrast to
those systems which achieve time compression by a high
recirculation rate of the signal through the storage ele-
ment, such as the Delay Line Time Compressor (DELTIC).1

The MACOMATIC correlation system is similar to
equipments previously reported' 3 except for the method
of achieving the required time compression. In this sys-
tem, as well as in those previously reported, a band-
limited received signal is heterodyned to the near-zero
frequency region, then clipped, sampled, time compressed,

1 Harvard University. Acoustics Research Laboratory Tech-

nical Memorandum 37, DELTIC Correlator, by V. C. Ander-
son, 5 January 1956

2 Westerfield, E. C., Rapid-Correlation Echo-Ranging Sys-
tem, U.S. Patent 3, 046, 545, 24 July 1962

avy Electronics Laboratory Report 1147, A Pseudorandom
Signal Correlation System for Underwater Acoustic Research,
by R. M. Zarnowitz and others, CONFIDENTIAL, 27 Novem-
ber 1962

5



and compared bit by bit with a reference signal which has
been similarly processed except for a small (compared
with signal bandwidth) "principal difference frequency"
in the heterodyning process. (')Principal difference fre-
quency" is defined later. )

This MACOMATIC has two unique features which
make it a useful instrument for laboratory tests of the
effect of sampling rate on signal-to-noise processing
gain, and for evaluating a method of Doppler correction
using bit compression techniques. The first of these
features is the ability to sample at any rate of up to 400
bits per second by changing the frequency of the master
clock. This flexibility permits the same time compressor
to be utilized in correlation and spectrum analysis of very-
low-frequency internal waves of the ocean, seismic waves,
and sonar signals. The second feature is the ability to
omit or repeat bits in the output sequence at selected times,
thereby effectively compressing or expanding the stored
signal.

MACOMATIC CONCEPT

Time compression can be achieved with a sequential
access core memory" by writing the information into the
cores at a low rate, 1 /Tt., and reading the information
from the cores at a high rate, l/Toe, where Tt. is the

. input-sample period and Toe is the output-sample period.
'If the input-sample rate is to continue without interruption
and the output (in an interval T 8 seconds) is to be a high-
speed replica of the last N input samples, the writing of
new samples and the reading out of stored samples must
be interlaced so that Tfs - NT 0 , where N is the storage

'Huskey, H. D. and Korn, G. A., Computer Handbook,
Section 12. 7-18, McGraw-Hill, 1962
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capacity in bits. The way in which the interlaced read-
and-write operations are carried out will depend on the
characteristics of the memory being used, the input-
sample rate, and the number of signal samples to be stored.

Two modes of operation are required for a MACOMA-
TIC to be used in a correlation sonar system: a static or
storage mode, and a shifting or loading mode. The static
mode, used to store the comparison signal, is the same as
the read-and-restore mode of a sequential access buffer;
that is, the information is read from the cores and, if
necessary, restored in sequence without the addition of
new signal samples. The same output waveform is re-
peated every Tt 8 seconds while the MACOMATIC is in the
static mode. In the shifting mode, during which signal
samples are loaded into the memory, a new signal sample
enters every Tts seconds and the oldest stored sample is
simultaneously discarded. During the other (A-i) read-
pulse periods, all stored samples are read out and, if
necessary, restored to the memory so that each stored
sample appears every (i-i) read pulses, and during each
input-sample period (Tt.) the output waveform is a sped-up
replica of the latest N signal samples.

Commoner magnetic core memories have destructive
read-out, 5 requiring each bit of information which has
been read out to be rewritten into the memory. if it is to be
retained. In this type memory, it is easier to implement
the two modes of operation by (1) advancing the informa-
tion one core for each time it is rewritten into the memory,
for the shifting mode, and (2) rewriting it into the same
core from which it was read, for the static mode. In this
implementation a write pulse follows each read pulse.
However, for an N-core memory every Nth write pulse
will inject a new signal sample into the memory during
operation in the shifting mode. If, each time all the stored
samples are read out, the new signal sample is injected

5 Huskey, H. D. and Korn, G.A., Computer Handbook,
Section 12.7. 7-. 9, McGraw-Hill, 1962
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into the last core addressed, the output waveform will be
a sped-up replica of the input. If a new sample is injected
into the first core addressed, the samples will appear in
reverse order on the output.

MACOMATIC INSTRUMENTATION

The most direct instrumentation of a MACOMATIC
for a memory with destructive read-out is a single-plane
memory, providing Toe is greater than the access (read-
write) time of the magnetic-core memory. A single-
plane MACOMATICo as illustrated in figure 1 for a 4 x 5
matrix, consists of an array of square hysteresis-loop
magnetic cores with X and Y address lines, sense line,
inhibit line, X and Y address registers, sense amplifier,
output register, Z driver, and control logic. Each row
of cores is threaded by a Y address line, and each column
of cores is threaded by an X address line. The core at
the intersection of energized X and Y lines will be addressed.
The inhibit line which threads all cores determines whether
a "one" or a izero" is written into the addressed core dur-
ing the write cycle. The sense line which threads all cores
will detect the information read-out of the addressed core.
during the read operation. The X and Y address registers
select the order in which the cores are addressed. The
control logic gates a signal sample from the output regis-
ter, or the signal input to the Z driver, to be written into
the memory. The output register holds the output informa-
tion for two read-write cycles.

Each address register has a single "one" recircula-
ting in it. The combination of these two "ones" addresses
the memory in the following order: read 1, write 20, read
2, write 1, - - - read 20, write 19. The oldest stored
sample is in core No. 1 and the newest sample is in core
No. 20.

8



X REGISTER

WRITE 020 PULSE
SHIFTING MODE

Z-DRIVE ALL WRITE PULSES

9 INHIBIT
LINE ALL WRITE PULSES

. ..- STATIC MODESENSE l

Rb to 1 0 LN OUTPUT

S P

W OUTPUT REGISTER

SI PULSENSE AMPLIFIER

READ WRITE

"TJMEMORY.
~DRIVE

• . / zENALE

' ~Y REGISTER '

_ n rn _
SHIFT PULSE (SP)

FIGURE I SINGLE PLANE MAGOMATIC

With this read-write address sequence (R1, W20, 2 ,

Wl, - - -R 2 0, W 1), the static mode of operation is

obtained by taking the input to the Z driver from the second

flip-flop of the output register. The signal. samples appear

at.this point one read-write cycle after they are read from

the memory; hence, they are written into the same core

from which they were read.

The shifting mode is achieved by taking the input to the

Z driver from the first flip-flop of the output register so

that the signal -sample is available to be rewritten into the

memory with an advance of one core on the write portion

of the same read-write cycle. Thus, after 20 read-write

cycles, the oldest bit of information (that which was in
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I
core No. 1) has been discarded, all the stored samples
have appeared at the output and have been rewritten into the
memory advanced by one core, and a new sample has been
entered in the 20th core. During succeeding groups of
20 read-write cycles, all the stored samples advance one
core in the memory so that after 400 read-write cycles
a stored sample will have traversed completely through
the memory and been discarded.

To obtain a given input-sample rate of Qt, = 1/Tt"
the required access time TA of the memory -- that is, the
time required to complete a read-write cycle -- is equal
to the signal-sample period Tts divided by the storage
capacity of the memory N: TA = Tts IN.

The access time of most readily available commercial
magnetic core memories is 5-10 microseconds, while
some late-model magnetic core memories have access
times of 1 microsecond and thin-film magnetic memories
have access times of approximately 0. 1 microsecond.
These storage elements will provide maximum input
sample rates of 100, 1000, and 10, 000 bits per second,
respectively, for a storage capacity of 1000 bits.

The sampling rate for a system using a given type of
storage element can be increased by operating n planes
in series parallel. This is basically a modified sequential
access memory with m words or characters and n bits per

word. The minimum sampling period of such a system is
* TsT = T4m = TAmnn/n f TAN/n which corresponds to n times the

sampling rate of the equivalent single-plane memory. In
the loading mode only, one new signal sample is added to
the memory each time the contents of the memory are

read out and restored (one memory scan); thus all the

stored samples appear at the output between the addition
of new samples.

One method of achieving this is shown in figure 2.
Although this equipment setup appears quite different and
much more complex than the single-plane MACOMATIC,
it is essentially n single-plane memories operating in

10
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FIGURE 2 BLOCK DIMNRAM.0 SERIES-PARALLEL MACOMATIC

parallel. The X and Y address registers are common to
all n planes and produce the same read-write sequence as

in hesigl-plane MACOMATIC: R,, W , Rs, Wi1, R.3 , 2
R,. , , W etc. Each plan% has its own sense

amplifiers and Z drivers which operate essentially the same
asKin the single-plane MACOMATIC. Because the output
register must shift serially n times during each read-write
cycle, it -cannot be used to store the information read from
the memory on one read-write cycle until the next cycle.
The n-stage sense register with parallel input and output
is a buffer storage between the sense amplifiers and both
Zyand output registers. The n-stage Z register has parallel

* input and output plus serial shifting. The n+6-stage output
register has parallel input and serial output. For the static
mode, the read and restore operation is the same as for
n single-plane MACOMATICS in parallel. The sense and
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Z registers operate as n two-stage shift registers with the
input to the Z drivers taken from the second stage. The sep-
arate output register receives the parallel outputs of the
n-stage sense register and shifts them out serially before
the next n bits are read from the memory. Thus each
stored sample is rewritten into the same core from which
it was read, and the output is a sped-up replica of the
stored signal.

One method of instrumenting the shifting mode of
operation is shown in the flow diagram of figure 3. The

WORDS m rn- 2

i nn' Im

lb , / ' , , '
2-' \ ', 0,0J

11 in+ l

BITS '

(PLANES)

FIG. 3 FLOW OF SIGNAL SAMPLES IN MACOMATIC

new signal sample enters the memory at bit n of word m

(core. m of plane n) and shifts sequentially through each
word in the memory until it reaches bit 1 of word 1 and is
discarded. The number beside each core indicates the
number of times the sample in that particular core has
been written into te memory. Thus in n memory scans
the signal sample moves sequentially from bit n to bit 1
of word m and on the next memory scan is written into bit
n of word m-1. The signal sample continues moving
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through the bit positions of each word until after mn mem-
ory scans it is in bit 1 of word 1 and is in position to be
discarded on the next memory scan. This operation is
accomplished by reading a word from the memory through
the sense amplifiers to the sense register. At the start
of the next read cycle, the signal samples in the sense
register are transferred in parallel to the Z register and
a new word is read from the memory into the sense reg-
ister; thus two consecutive words are held in the 7 and
sense registers. Just before the start of the write portion
of the read-write cycle, the first stage of the sense reg-
ister and the Z register are shifted serially, transferring
the signal sample from the first stage of the sense reg-
ister to the nth stage of the Z register. The word re-
written into the memory consists of the last (n-1 ) bits from
the old word and the first bit from the sense register.
When word n is in the Z register and the first word is in
the sense register, the sample transferred into the nth
stage of the Z register is taken from the signal input
rather than the first stage of the sense register.

This selection of serial input to the nth stage of the
Z register is made by the logic circuit shown in figure 4.
The 27 signal enables the transfer gate to pass the output
of stage 1 of the sense register to the last stage of the Z
register at all times except during the "read 1" period.
The D signal enables the transfer gate to pass the output
of the Schmitt-trigger signal axis crossing selector
(fig. 5) to the last stage of the Z register only during the
"read 1" period. In this way, the oldest stored sample
is replaced by a new signal sample to give an output signal
which is a sped -up replica of the last Nit.' seconds of the
input signal.

The output shift register shown in figure 6 consists of
14 stages (for instrumenting a series-parallel MACOMA-
TIC with n - 8 planes and m = 256 words). The first eight
stages are divided so locations 1, 3, 5, and 7 store the
bits from the odd-numbered sense-register stages and
locations 2, 4, 6, and 8 store bits from the even-numbered
sense-register stages. All stages are shifted simultaneously

13I
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at PI P3 ., and P,. The extra six stages(A., A.,
A.) can be used in two different modes of operation. Three
stages can be connected serially to the output of stage No. 1
and three stages to the output of stage No. 2 to present the
odd-numbered bits and even-numbered bits separately at
three different time delays (spaced Toe seconds apart).
Alternately, five of the stages can be connected serially
with the sixth acting as a one-bit delay in the even-bit
register output. The five extra stages are connected alter-
nately to the odd and even registers so that all the bits
shift through these five stages serially and in proper
sequence. Extra delay in the even-bit register is required
because the first eight stages are shifted at P 1 , P o P 0
and P7; thus the even bits are transferred out of stage No.
2 of the main register at the same time the odd bits are
transferred out of stage No. I and they (the even bits)
must be held in the extra stage until the next even-num-
bered clock pulse.

For a MACOMATIC with a maximum sample rate of
400 bits per second and a storage capacity of 2048 bits,
the read-write cycle or access time for a single-plane
MACOMATIC must be no greater than

TA ~ s1 10" s
N 4 x2.048x 0 8.192= 1. 22 microseconds

This is nearly eight times as fast as most readily avail-
able magnetic core memories can operate. Using eight
planes in a series-parallel combination, the required
access time is

TA : 8 X 8X = 9.765 microseconds
TA0N 77X2.048

Timing details of the memory control, consisting of
the read-write cycle, are shown in figure 7. The time
required for one complete cycle is 9. 765 microseconds
which is divided into eight intervals by clock pulses occur-
ring every 1.22 microseconds. The cycle starts with a

16
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read operation and clear pulse to the sense register at P1 .
Due to circuit delays in the core sense lines and amplifiers,
the sense register flip-flops set approximately 1 micro-
second after P" The samples are transferred to the Z
register from the sense register as the sense register is
cleared by the next P. pulse. The sense amplifiers are
enabled during the read operation P. to P3 , and are in-
hibited during the write operation P3 to P., so that switch-
ing of the cores during writing does not load false informa-
tion into the sense register. In the shifting mode, a pulse
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at P' shifts the Z register (advancing by one stage all bits
of the old word) and transfers into the last stage of theZ
register either the first bit of the new word in the sense
register or a new signal sample. The write operation
starts at P , the selected cores being addressed with a
write pulse from P. to P.. and the Z drivers beipg inhibited
or enabled by the combination of outputs from *e Z register
and the Inhibit-order-amplifier output pulse P. to P,.

Mode Control
To change from the static to the shifting mode of opera-

tion, samples in the Zregister merely are advanced one
stage and the sample from the first stage of the sense
register is shifted to the last stage of the Z regifter at
P3. The shift pulse at P 3 is generated by the a4vance
gated clock driver which is controlled by the dc output of
the mode control flip-flop as shown in figure 1 A switch
on the front panel applies the correct voltoge jo force the
mode control flip-flop into the static or shiftig mode. A
third position of this switch, AUTO LOAD, paces the mode
control flip-flop under control of the auto lead flip-flop.
In the static mode, the mode control flip-flop is held in
the "zero" state so that the dc output level inhibits the
input of the advance gated clock driver and no shift pulse
is generated at P3 to advance the Z register. In the shifting
mode, the mode control flip-flop is held in the "one" state
so that the dc output level enables the input of the advance
gated clock driver, generating a shift pulse at P3 to shift
the Z register. In the "auto load" mode, the mode control
flip-flop input gate is conditioned by the auto-load control
flip-flop which is set by the externally supplied "start load"

pulse. A magnetic-core transistor-logic-element counter
produces an output pulse every 2048 "read 1" pulses. At
the first pulse from this counter after occurrence of the
"start load" pulse. the mode control flip-flop is set to the
"one" state, transferring the memory to the shifting mode,
and the auto-load control flip-flop is reset. The next
pulse of this counter -- 2048 "read I" pulses later - - resets
the mode control flip-flop to the "zero" state, returning
the memory to the static mode after the memory is filled
with 2048 bits sampled from the signal input.

18
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Timing and Control Pulse Generation

Control and timing signals required for operation of

the memory are shown in figure 7. The output register

must shift eight times during each read-write period; thus
the basic clock frequency is eight times the access rate of

the memory. The master clock signal is obtained from
either an internal crystal-controlled oscillator or an

external oscillator (fig. 9). A Schmitt trigger shapes
the oscillator output to drive a gated clock driver which

produces the master clock pulses. The clock pulses drive

a three-stage binary counter to give a "divide by eight."

Outputs of the three binary counter stages are combined
logically in various gates and gated drivers (fig. 10) to

produce the dc levels and pulses required to control opera-

tion of the MACOMATIC.
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COMPLETE SYSTEM OPERATION

A block diagram of a MACOMATIC correlation system
is shown in figure 11. The Shift Register Encoder (SRE)
(fig. 12), a 15-stage shift register with a modulo two adder
in the feedback from the 15th and 14th stages to the first
stage, generates a pseudorandom signal sequence which
repeats every 10.24 seconds when the shift-pulse frequency
is 3200 c/s. The SRE output is filtered to produce a signal
band of from f, tof. c/s. The function of the double-
position multiple pole relay (fig. 11) is to change the sys-
tem from the transmit to the receive mode. In the trans-
mit mode. the pseudoran m signal excites the power
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aGreen, J. H., Jr., and San Soucie, R. TL., "An Error-
Correcting Encoder and Decoder of High Efficiency,"
Institute of Radi o Engineers. , Proceedings, v. 46, p. 1741 -
I1744, October 1958
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amplifier to drive the electro-acoustic transducer. Simul-
taneously, the band-limited pseudorandom signal is clipped,
translated in frequency to a band at 0 to V. - f' ) c/s.
sampled, and stored in the reference MACOMATIC. In
the receive mode, the output of the hydrophone is amplified,
filtered, clipped, translated in frequency to a band at 10
to ( - 4 + 10) c/s, sampled, and stored in the receive
MACOMATIC.

The components enclosed in the dotted lines in figure 11
are common to both modes of operation, the signals fed to
them at any time being determined by the multicontact
transmit-receive relay. The two clipper amplifiers,
shown in figure 13, are emitter-coupled difference ampli-
fiers. Clipper outputs provide the proper signal levels
(-20 to 0) for the inputs to the digital modulator.

- -0-20

:.2K 1 .2K :.2K 6.2K

00OUTPUT

SIGNAL
INPUT

loOOKolOOK ,o OO o

GO0& jj 00A 10K 10K 10K 50K

O OT 21 0+---- ) --- -O 20
CLOT N TRANIISTORS: 2N 123
CLIPPER NO. I

6.2K

CLIPPER 1O. 2

FIGMUR 13 CLIPPERS
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The digital modulator (fig. 14) performs the unsym-
metrical denial logic operation (AB + A - 1) on the binary
level signals from the two clippers, which is equivalent
to multiplication for the two-level signal + 1, - 1. The
output of the modulator is amplified, low-pass filtered,
clipped, and fed to two emitter followers which drive the
input circuits of the receive and reference MACOMATIC's.

II'%.ZV-20 . 4*O

_ _ _ _ _ _ 2_KT T 2 . Kt 
o

2"20 224 20124O 2V _3V

A *2V 00 1 0
9 0ty

...... i 2I01t

IN277 INE40o+oSHocI'

• 11l
2 7

? 120K

.20O 0.1" 0.U01
100K 8"2 soVV SOV '",O....5 3.T,

FIGURE 14 DIGITAL MOOULATOR AND FILTER AMPLIFIERS

The inputs to clippers No. 1 and No. 2 during the

transmit mode are, respectively, the band-limited signal
from the SRE and the output of the .f c/s transistor-
driven fork oscillator. The output of clipper No. 3, a
clipped version of the 0 to"0 - c/s signal band, sets

the input Schmitt triggers of both magnetic core memories.
After 2048 bits are stored in the reference memory, the
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input is inhibited and each stored sample is read out of
and restored to the same core in the memory without the
addition of new information.

The input to clippers No. I and No. 2 during the
receive mode are, respectively, the filtered output of the
preamplifier shown in figure 15 and the output of the V, "
10) c/s fork-controlled transistor oscillator. The output
of clipper No. 3, a clipped version of the (10 to V.- fl +
10) c/s signal band, sets the input Schmitt trigger of both
MACOMATIC's. The receive MACOMATIC stores a new
sample of the received signal every 2. 5 or 5 milliseconds;
after 2048 samples have been stored, the oldest stored
sample is discarded as a new sample is added. The input
to the reference MACOMATIC is inhibited during the
receive mode of operation.
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The two MACOMATIC's are operated to read all 2048
cores during each sample period; thus the output sample
rate is 2048 times the input sample rate. If, as in the
static mode, the samples are read out and restored to
the same core, a particular sample will appear at the
output every input sample period Tt 8 . If, as in the loading
mode, the sample read out of core No. 1 is discarded, and
the signal samples read out of cores 2, 3, 4, . . . 2048
(plus a new signal sample) are written into cores 1, 2, 3,
* * * 2048, respectively, then a particular sample will

appear on the output at regular time intervals Tt 8 - Toe
for 2048 times, and then be discarded. The output of the
receive MACOMATIC, operating in the loading mode,
precesses one bit each sample period, with respect to the
output of the reference MACOMATIC operating in the
storage mode.

Each output sample of the receive MACOMATIC is
multiplied by the time-coincident output sample of the
reference MACOMATIC. Since the output samples of the
receive MACOMATIC precess Toe every sample period
Tt . each sample in the reference MACOMATIC output
will multiply a different sample from the receive MACO-
MATIC during each sample period Tts. That is, as a new

sample is read from the receive MACOMATIC for the first
time, it is multiplied by the Nth sample in the reference

MACOMATIC. (N-1) sample periods later when this same
sample is read out of the receive MACOMATIC, it is
multiplied by the first sample in the reference MACOMAT-
IC and discarded. By this process, the products of all time-
coincident receive and reference samples for a given rela-

tive time delay are obtained, the relative time delay is
changed by Toe, and the time-coincident products are
obtained again. Any desired range of relative time delay (T)

can be covered.

The polarity coincidence circuit shown in figure 16
performs the logic function SR + S on the outputs of the
MACOMATICS, where S and are the outputs of the
receive MACOMATIC while R and W are the outputs of the
reference MACOMATIC. This is equivalent to multiplica-
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FIGURE 16 POLARITY COINCIDENCE LOGIC

tion for a binary level signal with "1" = 1 volt and "0" =

-1 volt. This multiplication yields all the sum and differ-
ence frequencies for the two signals. It has been shown by
Westerfield' that the spectrum will consist primarily of a

series of bands whose width is equal to MACOMATIC
input-signal bandwidth and whose centers are located cp c/s
higher than multiples of lITt. c/s (where c0c is the cenfer

frequency of the receive MACOMATIC input band). Ampli-SSin n .f T ' I fnto
tudes of the bands are governed by a I S '2TI function

centered on the sped-up "principle difference frequency" Ncp,
Tjt 8

where N =y- and where, for the no-Doppler case, w is the
08

difference between the two frequencies used in the input
heterodyning process. The components of a given band in
the neighborhood Nep will be in phase, resulting in a large

7 NEL Technical Memoranda 279 (Part 1, 1 April 1958) and 302
(Part IIo 12 September 1958), A Theoretical Treatment of
Cyclic Phenomena with Periodic Phase Discontinuities, by
E. C. Westerfield, (internal publications)
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amplitude for the output waveform when T is close to zero
(near peak correlation between the unheterodyned signals).

For this system, Nep equals 2048 x 10 m 20, 480 c/o;
thus the band with the largest amplitude, for a sampling
period Tts equal to 5 or 2.5 milliseconds and with no Dop-
pler shift on the received signal, is 20, 410 to 20, 510 c/s.
After filtering to a bandwidth of 18.0 to 22.0 kc/s, modula-
tion with the output of a 179, 540-c/s crystal-controlled
oscillator (fig. 17) translates this band to bands at 159, 030
to 159,130 c/s and 199, 950 to 200, 050 c/s. The output of
the modulator is amplified, filtered to remove the lower
sideband, and passed to a bank of 11 crystal filters with
center-frequency separations and 3-db bandwidths of 200 c/s.
The output of each crystal filter is envelope-detected by
the rectifier shown in figure 18 and recorded on a visi-
corder display.

A fractional Doppler shift, D, of the received signal

will shift the center of thel Sin rf "fs I function by approx-rrf Vt.prox
imately f, + fa

2where D = 2 (velocity of target - velocity of transmitter).
velocity of sound in the medium

Thereby, the amplitude of the zero-Doppler band is de-
creased and the amplitude of another band is increased.
The position of the output in the filter bank is, then, an
indication of the amount of Doppler as shown in table 1.

If Doppler becomes too large to be matched without
compression or expansion, the reference signal can be
compressed or expanded by changing the shifting frequency
of the SRE and reloading the reference MACOMATIC.
Doppler corrections obtainable by this method are shown
in table 2.
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TABLE 1. DOPPLER INDICATION BY POSITION OF
CORRELATION IN OUTPUT FILTER BANK.

FILTER CENTER DOPPLER FOR DOPPLER FOR
FREQUENCY -Tte = 5 msec Tte = 2.5 msec

(kc Is) (knots) (knots)

199.00 -0.466

199.20 -0.373 -0.373

199.40 -0.280

199.60 -0.186 -0.186

199.80 -0.093

200.00 0.00 0

200.20 +0.093

200.40 +0.186 +0.186

200.60 +0.280

200.80 +0.373 +0.373

201.0 +0.466

TABLE 2. DOPPLER CORRECTION BY CHANGING SRE
SHIFTING FREQUENCY.

SRE SHIFTING DOPPLER
FREQUENCY CORRECTION

(c/s) (knots)

3196 -1.788

3197 -1.341

3198 -0.894

3199 -0.447

3200 0.0

3201 +0.447

3202 +0.894

3203 +1.341

3204 +1.788
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In this system, up-Dopplers as great as approximately
1.4 knots could be processed in a filter bank with no de-
crease of component amplitudes for the output band of less
than those at zero Doppler. For up-Dopplers greater than
1.4 knots or for down-Dopplers of any value, a decrease in
amplitude for some components of the output band is to be
expected. In general, the maximum number of filters
which could be used to match up-Dopplers with no degrada-
tion of the spectrum is 2 (T where f, is the cen-
ter frequency of the trans tied sisnal.

SYSTEM TEST

A measure of processing gain against additive noise
for this system was obtained by the test setup shown in
figure 19. The amplifier gains were adjusted to make the
signal RMS voltage V1 equal to the noise RMS voltage, with
the two attenuators I and H set at -4db; then the system
output was recorded while V was decreased. The results
shown in figure 20 indicate &at output correlations can be
discerned 50 per cent of the time for an input-RMS-signal-
to-noise ratio of -12 db. This is an indication of the im-
provement in detection capability, and is a measure of the
processing gain when peak output signal is compared with
peak output noise.

Processing gain is usually defined in terms of peak
output signal to RMS output noise. This is obtained by
setting V1 a V3 (RMS) and measuring the RMS value of the
output noise and the peak amplitude of the output signal.
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The input-signal-to-noise *ratio (RMS) is changed and the
output noise (RMS) and output signal (peak) are again

measured. Processing gain is equal to

0 0, with S, Ni. and No in RMS volts, and 30 in

peak volts.

The results of these measurements are given in table 3.

TABLE 3. MEASUREMENTS OF PROCESSING GAIN FOR
MACOMATIC SYSTEM WITH 200 C/S SAMPLING RATE.

INPUT OUTPUT PROCESSING
(SIN) RMS Spekb/) rms GAIN

(db) dL) (db)

No Noise 26.1

0 22.7 22.7

-4 19.7 23.7

-8 15.9 23.9

-10 12.8 22.8

-12 10.2 22.2

(Average * 23.1)
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UNIQUE FEATURES AND TESTS

Sampling frequency of the system can be doubled by
doubling the crystal clock frequency of the MACOMATIC
from 409.6 to 819.2 kc/s. Figure 21 shows results of the
processing-gain test with the 819.2-kc/s clock frequency.
The sampling rate is 400 c/s. or four times the highest
frequency of the MACOMATIC input band. Results show
that the correlation spike can be discerned 50 per cent of
the time for an input-signal-to-noise ratio of -12 db.

008 -4 DB -8 DB

-10 DB

-12 DB -14 DB

FIGUR 21 SYSTEM OUTPUT FOR VARIOUS INPUT-SIGNAL-TO-NOISE RATIOS
(IC0-IS SAMPLING)
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Results of measuring processing gain against additive
noise at a sampling rate of 200 c/s and storage time of
10.24 seconds are the same as for a sampling rate of
400 c/s and a storage time of 5.12 seconds. This indicates
that one might expect an increase in processing gain at the
higher sampling rate for an equal storage time. However,
given a total number of bits of storage, it makes little
difference as far as processing gain is concerned whether
the sampling rate is twice or four times the highest fre-
quency at the input to the MACOMATIC.

Bit Compression and Expansion

Another feature of the MACOMATIC is the bit com-
pression (or expansion) technique for Doppler correction
somewhat similar to that suggested by Westerfield9 . The
timing pulses (Ti, T2 . . . T.o ) shown in figure 22 are gen-
erated within the magnetic core equipment and brought to
front connectors for easy access. By using these timing
gates in conjunction with the extra stages of the signal and
reference output registers and the polarity coincidence
logic circuitry, reference output can be effectively com-
pressed or expanded to match a small amount of signal-
channel Doppler.

Table 4 shows an example of the logic used to compress
or expand for various numbers of bits. S refers to signal-
MACOMATIC outputs and R to reference-MACOMATIC
outputs. The subscripts refer to the numbers of the six
auxiliary flip-flops of the output register (A1. A* .. A6 )

as indicated in figure 6.

eNavy Electronics Laboratory Report 698, LORAD Summary

Report, Article 27, "Digital Techniques for Rapid Processing
of Signals," p. vi-35, by E. C. Westerfield, CONFIDENTIAL,
22 June 1956
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MACOMATIC output will shift the center frequency of the
spectrum- amplitude controlling factors for each component
of the output bands by an amount proportional to the com-
ponent frequency; I.e., for a 50-c Is MACOMATIC input
frequency, center frequency shifts by 100 c/, and for a
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TABLE 4. LOGIC EQUATIONS FOR BIT EXPANSION AND) OMPRESSION

INFORMATION FLOW

COMPRESSION/
EXPANSION.

NO. BITS

0 SA+ SA

+1 QjA +S3, 1 T3 + CS1?3 +31 73) To I

-1 (Sx,,R +S1 R,)73. + +S1R +SR 1 T.

+2 +SR 3j'R) X. + +S1R +31 3 )-T. + (S'1 A R*

-2 +sA 3j1 .) T. + " U -SisT. +(SA +S1 1 T

+3 (M. -+S4 4 )'T1 + (S-A1 +S.A )T 4 + (S.R + 7.3 3 )T,+ (Sl4 l + 1.7.) T 1

-3 (S.&s +S4 Jf,)Ti + (S.)?. +S.A.). + +S. + 4 1.7T, + (S.A. +37..)7 1 ,

100-c/s MACOMATIC input frequency it shifts by 200 c/s.
These are equivalent to shifts of 100 arid 200 c/Is re-
spectively, for MACOMATIC inpVPfequenPe or 'for the
center frequency and highest frequency of the Q113 band.
However, since these shifts are not proportional to the
corresponding frequencies in the echo band, bit compression
or expansion of the reference -MACOMATIC output alone is
not an exact Doppler correction scheme for this type of
system because such compression or expansion corrects
only for dispersion within the band and not for frequency
translation of the band.
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CONCLUSIONS

The flexible input-sample rate of the MACOMATIC
results in a very flexible time compressor well suited to
research signal-processing equipment. For low frequen-
cies that do not require series-parallel operation, the
memory-core planes can be operated in parallel to carry
different signals, or they can carry the parallel outputs

from an analog-to-digital converter to retain the signal
amplitude information for correlation or spectrum analysis
studies. The MACOMATIC can be implemented with se-

quential access buffer memories by the addition of extra
registers and gating circuitry.

RECOMMENDATION

Apply the MACOMATIC to correlation systems and

spectrum analyzers for research signal processing, par-
ticularly in investigating low and very-low frequency
acoustic, oceanographic, and seismic phenomena.
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